Background: Intestinal expression of peptide absorption transporter (PepT1)/Slc15a1 exhibits circadian oscillation, but the mechanism is unknown. Results: During the daily feeding cycle, bile acids accumulated in intestinal cells, thereby suppressing PPAR␣-mediated expression of PepT1/Slc15a1. Conclusion: Time-dependent suppression of PPAR␣ activity by bile acids underlies circadian expression of PepT1/Slc15a1. Significance: Bile acids cause circadian change in the intestinal absorption of peptides.
Dietary protein is digested into short chain peptides and single amino acids, which are then absorbed by various transport mechanisms in the gut mucosal cells. Approximately 70% of digested proteins are absorbed as small peptides composed of two (dipeptides) or three (tripeptides) amino acids, whereas the remaining 30% are absorbed as a single amino acid (1, 2) . Although single amino acids are taken up into enterocytes through numerous amino acid transporters, the intestinal absorption of di-and tripeptides are mediated via only one transport system consisting of PepT1 2 (3, 4) . PepT1 is encoded by soluble carrier protein family 15 member 1 (Slc15a1) and mainly expressed in the apical plasma membrane in intestinal epithelial cells (5, 6) . Because PepT1 is capable of transporting most small peptides as well as several peptidomimetic drugs such as the ␤-lactam antibiotics, angiotensin-converting enzyme inhibitors, antivirals, and anticancer agents (7) , much effort has been directed toward the regulation of intestinal PepT1 expression. For example, it has been reported that intestinal expression of PepT1 is regulated by insulin, thyroid hormone, epidermal growth factor, and some pharmacological agents (8 -11) . In laboratory rodents, the levels of Slc15a1 mRNA and PepT1 protein fluctuate in a time-dependent manner (12) , suggesting that the expression of Slc15a1/PepT1 is under the control of a circadian clock.
Circadian rhythms are ϳ24-h cycles that allow an adaptation of physiological and behavioral activities to environmental cues. The rhythmic changes in the physiological functions would help organisms to anticipate daily changes in environmental conditions and their feeding time. In mammals, circadian clock machinery consists of a hierarchical assembly of * This work was supported by Grant-in-aid for Scientific Research on Innova-multiple endogenous oscillators (13) . Among these oscillators, a major pacemaker is located in the suprachiasmatic nucleus of the hypothalamus. The suprachiasmatic nucleus circadian oscillators are entrained to a 24-h period by daily light input from the visual neural system and produce output signals for coordinating the phase of independent oscillators in peripheral tissues. The peripheral oscillators generate daily rhythms in output physiology through the periodic activation/repression of clock-controlled output genes (14 -16) .
Although the light/dark cycle is the most powerful "Zeitgeber" for the suprachiasmatic nucleus oscillators in mammals (17, 18) , feeding regimen is also important for the generation and synchronization of peripheral circadian rhythms (19) . The intestinal expressions of Slc15a1/PepT1 are induced by situations of fasting or starvation (20) . Fasting-induced expression of Slc15a1 mRNA is suggested to be mediated via peroxisome proliferator-activated receptor-␣ (PPAR␣). A number of endogenous substrates such as polyunsaturated fatty acids serve as ligand activators of this nuclear receptor (21, 22) . Because plasma levels of free fatty acids are elevated during the fasting state (23), the elevation is thought to trigger fastinginduced activation of PPAR␣. Conversely, several bile salts also have the ability to modulate the activity of PPAR␣ and the expression of its target genes (24) . The secretion of bile acids and intestinal absorption of fatty acids likely change during the daily feeding cycle. However, it remains to be clarified whether interaction between these compounds and PPAR␣ is involved in the circadian regulation of the intestinal expression of Slc15a1/PepT1.
In this study, we found that the suppressing action of bile acids on PPAR␣ activity caused oscillation in the intestinal expression of Slc15a1/PepT1 during the daily feeding cycle. In mammals, PepT1 is responsible for the absorption of small peptides arising from digestion of dietary proteins. Therefore, we investigated the physiological significance of the modulatory action of bile acids on PPAR␣ activity for the function of PepT1 to absorb small peptides.
EXPERIMENTAL PROCEDURES
Animals and Feeding Schedule-PPAR␣-null mice (129S4-Svjae-PPAR␣ muGonz N12) with a JcI:ICR background, Period2 gene mutant (Per2 m/m ), and wild-type mice of the same strain were fed ad libitum before the experiments. Animals were treated in accordance with the guidelines stipulated by the Animal Care and Use Committee of Kyushu University. To investigate the influence of fasting on intestinal gene expression, mice were also forced to fast for 24-h starting at zeitgeber time (ZT) 0 and then fed ad libitum. During the manipulation of the feeding schedule, water was freely available.
Cell Culture and Treatment-The human colon carcinoma cell line Caco-2 was obtained from the American Type Culture Collection and maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum and 1ϫ nonessential amino acids. Cells were transfected with siRNA (20 nM) against PPAR␣ (Santa Cruz Biotechnology, Santa Cruz, CA) and used for experiments at 48 h after transfection. Downregulation of PPAR␣ expression was confirmed by Western blotting. The PPAR␣-down-regulated cells were treated with the PPAR ligand WY-14643, cholic acid (Wako Chemicals, Osaka, Japan), or 0.05% DMSO/0.25% ethanol as a control for the indicated times.
Determination of Lipid Contents in the Epithelial Cells of Mouse Small
Intestine-Epithelial cells were collected from the small intestine of mice. For assessment of free fatty acids, 30 mg of cells were homogenized with 200 l of chloroform/Triton X-100 (1% Triton X-100 in pure chloroform). After centrifugation at 15,000 rpm for 15 min, the organic phase (lower phase) was collected and dried at 50°C to remove chloroform. The dried lipid samples were dissolved in assay buffer, and concentrations of free fatty acids were determined using the Free Fatty Acid Quantification kit (Abcam, Cambridge, UK). For assessment of bile acids, 30 mg of cells were homogenized with 1.0 ml of 70% ethanol and then incubated at 55°C for 4 h. The ethanol extracts were evaporated to dryness and resuspended in 300 l of 0.5 M phosphate buffer (pH 7.0). Concentrations of total bile acids were determined using the Total Bile Acid Assay kit (Diazyme Laboratories, CA).
Gas Chromatography/Mass Spectrometry (GC/MS) AnalysisThe composition of free fatty acid and bile salt species in epithelial cells of the small intestine was analyzed by GC/MS. Fatty acids in epithelial cells were subjected to acid or alkaline methanolysis to produce fatty acid methyl esters. The methyl ester derivatives were extracted in an organic solvent and analyzed by GC/MS. The GC/MS analysis of bile acids was carried out by using selected ion monitoring of characteristic fragments of methyl ester dimethylethylsilyl ether methoxime bile acid derivatives. The lipid contents in epithelial cells were expressed as mol/g of tissue.
Determination of mRNA Expression Levels-The epithelial cells were removed from the intestinal segments of mice and homogenized using RNAiso reagent (Takara Bio Inc.). Real time RT-PCR was performed using SYBR Premix Ex Taq II (Takara Bio Inc.) or THUNDERBIRD (Toyobo Co. Ltd.) using a LightCycler (Roche Diagnostics). The reaction conditions were 95°C for 10 s followed by 45 cycles at 95°C for 5 s, 57°C for 10 s, and 72°C for 10 s. Sequences for PCR primers are given in Table  1 . The amount of target mRNA was corrected relative to that of ␤-actin.
Luciferase Reporter Assay-The 5Ј-flanking region of the mouse Slc15a1 gene spanning from bp Ϫ1946 to ϩ3 (the number is the distance in base pairs from the putative transcription start site, ϩ1) was amplified by PCR, and the product was ligated into the pGL4.12 luciferase reporter vector (Slc15a1-luciferase). The peroxisome proliferator response element (PPRE) located between bp Ϫ1876 and Ϫ1864 with respect to the transcription start site of the mouse Slc15a1 gene was mutated from AGGTCAAAGAAGA to AGGTCTCGAGAGA using the QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA). The PPRE located between bp Ϫ1693 and Ϫ1681 with respect to the transcription start site was also changed from AGGTGATAAATGA to AGGTCTCGAGTGA using the same reagent. Expression vectors for mouse PPAR␣ and retinoid X receptor-␣ (RXR␣) were constructed using a cDNA generated from mouse liver RNA by RT-PCR. All coding regions were ligated into the pcDNA3.1 vector (Invitrogen). The NIH3T3 cells were seeded at a density of 1 ϫ 10 5 /24-well culture plate. The cells were transfected 18 h later with 100 ng/well reporter vectors and 1-2 g/well (total) expression vectors. The pRL-TK vector (0.5 ng/well; Promega) was also co-transfected as an internal control reporter. The cells were then harvested, and the cell lysates were analyzed using a DualLuciferase reporter assay system (Promega). The ratio of firefly (expressed from the reporter construct) to Renilla (expressed from pRL-TK) luciferase activities in each sample served as a measure of normalized luciferase activity. The reporter vectortransfected cells were also treated with WY-14643, cholic acid, or 0.05% DMSO/0.25% ethanol as a control for the indicated times. Luciferase activities in each sample were assessed as described above.
Chromatin Immunoprecipitation (ChIP) Analysis-Crosslinked chromatin in epithelial cells from the small intestine was sonicated on ice, and nuclear fractions were obtained by centrifugation at 10,000 ϫ g for 5 min. Supernatants were incubated with antibodies against PPAR␣ (H-98), RXR␣ (D-20), CREB-binding protein (CBP)/p300 (N-15), or rabbit IgG (Santa Cruz Biotechnology). DNA was isolated using the GeneElute mammalian genomic DNA kit (Sigma) and amplified by PCR for the surrounding PPREs in the 5Ј-flanking region of the Slc15a1 gene. Primer sequences for amplification of the surrounding or outside PPREs are given in Table 2 . The quantitative reliability of PCR was evaluated by kinetic analysis of the amplified products to ensure that signals were only derived from the exponential phase of amplification. ChIP in the absence of an antibody and in the presence of rabbit IgG served as negative controls. Ethidium bromide staining did not detect any PCR products in these samples.
Western Blotting-Cell membrane fractions were prepared from small intestine epithelial cells. Fractions containing 20 g of total protein were resolved by SDS-PAGE and transferred to a polyvinylidene difluoride membrane that was incubated with antibodies against PepT1 (H-235, Santa Cruz Biotechnology) or Na
. Specific antigen-antibody complexes were visualized using horseradish peroxidase-conjugated secondary antibodies and Chemi-Lumi One (Nacalai Tesque Inc., Kyoto, Japan). Nuclear extracts were also prepared from Caco-2 cells. Protein levels of PPAR␣, RXR␣, and ␤-actin were assessed by the same method. The antibodies against PPAR␣ (H-98), RXR␣ (D-20), or ␤-actin (C4) were purchased from Santa Cruz Biotechnology.
Determination of Plasma Concentrations of CarnosineMice were orally administrated carnosine (1.75 mg/g), and blood samples were collected by cardiac puncture. Plasma was obtained by centrifugation at 10,000 rpm for 10 min. The supernatant was deproteinized with 0.36 M perchloric acid and centrifuged at 10,000 rpm for 5 min, and the supernatant was then used as a sample. The concentration of carnosine was determined using a high performance liquid chromatography (HPLC) system with a fluorescence detector. Carnosine was derivatized with o-phthalaldehyde (Sigma). The mobile phase consisting of 1.25% methanol and 0.75% sodium acetate (0.3 M, pH5.5) was eluted at 0.8 ml/min through a COSMOSIL 5C18-MS-II column (4.6 ϫ 150 mm; Nacalai Tesque Inc.) maintained at 40°C. The separated analyte was detected using an RF-550 spectrofluorometric detector (Hitachi) with excitation at 310 nm and emission at 375 nm.
Statistical Analysis-The significance of differences between groups was validated by the Bonferroni test for multiple comparisons and Student's t test for comparisons between two groups. The 5% level of probability was considered to be significant.
RESULTS

Circadian Oscillation in the Intestinal Expression of Slc15a1
mRNA Is Modulated by the Feeding State-Bile salts are released from the gallbladder into the small intestine in response to food intake. When food is plentiful, nocturnally active mice ingest most of their food during the dark phase (25) . We first investigated the relationship between temporal feeding patterns and the accumulation of fatty and bile acids in intestinal epithelial cells. As reported previously (25), mice consumed ϳ80% of their food during the dark phase when they were fed ad libitum (Fig. 1A) . Under this feeding condition, the amount of free fatty acids in the intestinal epithelial cells of mice exhibited an obvious circadian oscillation with higher levels being observed during the dark phase (Fig. 1B) . This oscillation in the amount of free fatty acids was markedly dampened by 24 h of fasting; it remained at low levels throughout the fasting period. After mice resumed food intake, the amount of free fatty acids in the intestines increased during the light phase due to the resumption of feeding. A similar temporal variation was also observed in the accumulation of bile acids in the intestinal epithelial cells of mice during the manipulation of the 
feeding schedule (Fig. 1C) . Because bile acids are secreted into the lumen of the small intestine by stimulation of food intake, the change in the temporal accumulation pattern of bile acids also appeared to be caused by the alteration in daily pattern of food intake. GC/MS analysis detected 12 types of fatty acids and their derivatives in the intestinal epithelial cells of wild-type mice (Fig. 1D) . The main composition of these fatty acids was palmitic acid ( seven types of bile acids and their derivatives in the intestinal epithelial cells (Fig. 1E) . The main composition of these bile salts was cholic acid (CA), the amount of which exhibited significant time-dependent variations under the ad libitum feeding (p Ͻ 0.05). These results indicated that the intake of food also caused the daily accumulation of bile acids in intestinal epithelial cells. The temporal accumulation of bile acids was attributed to an increase in the amount of CA.
Under the ad libitum feeding condition, the mRNA levels of circadian clock genes Dbp and Bmal1 in the small intestine of mice exhibited obvious circadian oscillations (Fig. 2A) . The rhythmic phase of Dbp mRNA was nearly antiphase to that of Bmal1 expression. The mRNA levels of Slc15a1 also showed obvious circadian oscillation under ad libitum feeding conditions (Fig. 2B) ; the mRNA levels gradually increased during the light phase and then decreased after the start of the dark phase. Although the mRNA levels of Dbp and Bmal1 still exhibited circadian oscillations during and after 24 h of fasting ( Fig. 2A) , the expression pattern of Slc15a1 mRNA markedly changed by the manipulation of the feeding schedule; Slc15a1 mRNA levels increased during 24 h of fasting, and expression levels decreased after the resumption of feeding (Fig. 2B) . Increases and decreases in Slc15a1 mRNA levels during manipulation of the feeding schedule were in contrast to the accumulation pattern of fatty and bile acids in intestinal epithelial cells (Fig. 1, B  and C) .
Bile Acids Act as a Negative Regulator of Slc15a1 Expression in the Intestinal Epithelial Cells-Next we investigated the possibility that fatty and bile acids could modulate the expression of Slc15a1 in the intestinal epithelial cells. To this end, intestinal segments were isolated from mice and then incubated for 2 h with fatty or bile acids whose intestinal concentrations exhibited significant time-dependent variation (Fig. 1, D and E) . Treatment of wild-type mouse intestinal segments prepared at ZT10 and ZT22 with fatty acids had little effect on the mRNA levels of Slc15a1 (Fig. 2C) . Furthermore, no significant change in the expression of Slc15a1 mRNA in the isolated intestinal segments was observed even when the segments were treated with 400 M WY-14643 (data not shown). Conversely, treatment of wild-type mouse intestinal segments prepared at ZT10, but not ZT22, with CA dose-dependently suppressed the expression of Slc15a1 mRNA (Fig. 2D) . The suppression effects of CA were significant at a concentration over 500 M (p Ͻ 0.05).
Under the ad libitum feeding condition, the levels of Slc15a1 mRNA in the small intestine of mice increased during their rest period (light phase). Furthermore, the mRNA levels of Slc15a1 were also elevated by 24 h of fasting. Fasting-induced expression of Slc15a1 mRNA is suggested to be mediated via the nuclear receptor PPAR␣ (20) . Therefore, we also tested whether bile acids could suppress the Slc15a1 expression in PPAR␣-null mice. Although the mRNA levels of Slc15a1 in intestinal segments of PPAR␣-null mice were reduced at both ZT10 and ZT22, no significant suppression effects of CA on the expression of Slc15a1 were detected in PPAR␣-null mice (Fig.  2D) . These results indicated that bile acids suppressed the intestinal expression of Slc15a1 by inhibiting PPAR␣-mediated transactivation.
Regulation of PPAR␣-mediated Expression of Slc15a1 by Bile Acids-To assess the potential involvement of PPAR␣ in bile acid-repressed expression of Slc15a1 in intestinal cells, we also examined the influence of CA on the mRNA levels of SLC15A1 in PPAR␣-down-regulated Caco-2 cells, which are often used as an in vitro model of the intestinal system. The expression of endogenous PPAR␣ proteins in Caco-2 cells was down-regulated by transfection with siRNA against PPAR␣ (Fig. 3A) , but PPAR␣ protein levels were not obviously changed by transfection of cells with control siRNA. The mRNA levels of SLC15A1 in control siRNA-transfected Caco-2 cells were elevated significantly in response to treatment with the PPAR␣ ligand WY-14643 (Fig. 3B) . The PPAR␣ ligand-induced expression of SLC15A1 was dose-dependently repressed by CA treatment (Fig. 3B) . Conversely, treatment of PPAR␣-down-regulated cells with the same concentration of WY-14643 resulted in a moderate induction of SLC15A1 mRNA (Fig. 3B) . Therefore, CA had little effect on the mRNA levels of SLC15A1 in PPAR␣-down-regulated cells.
PPAR␣ has been shown to heterodimerize with RXR␣ to activate the transcription of their target genes by binding to PPREs (26) . Two nucleotide sequences showing homology with PPREs were detected within 2.0 kilobases (kb) of the 5Ј-flanking region of the mouse Slc15a1 gene, and similar PPRE sequences were also found in the upstream region of the human SLC15A gene. Thus, we also performed a transcription assay by transfecting NIH3T3 cells with the mouse Slc15a1-luciferase reporters. Although the mouse Slc15a1-luciferase reporter construct containing wild-type PPREs responded to PPAR␣/RXR␣, mutation of PPREs attenuated the PPAR␣/RXR␣-mediated transactivation of Slc15a1 (Fig. 3C) . The PPAR␣/RXR␣-mediated transactivation of Slc15a1 was further enhanced by treatment with 200 M WY-14643. However, the enhancement effect of WY-14643 on the transcriptional activity of Slc15a1 was dose-dependently suppressed by CA (Fig. 3D) . Because such modulatory actions of WY-14643 and CA on the Slc15a1 transcription were undetectable in pcDNA3.1 (empty vector)-transfected cells, PPAR␣ seemed to be involved in bile acid-repressed expression of Slc15a1 in intestinal cells.
ChIP analysis of intestinal epithelial cells of wild-type mice also revealed that PPAR␣ and RXR␣ bound consistently to PPREs in the Slc15a1 gene during both the light and dark phases under the ad libitum feeding condition (Fig. 4, A and B) . Conversely, a time-dependent oscillation was observed in the recruitment of the transcriptional coactivator CBP/p300 to PPREs in the Slc15a1 gene (Fig. 4B) . This oscillation in the recruitment of CBP/p300 was similar to the Slc15a1 mRNA rhythm (Fig. 2B) , which was nearly opposite to the accumulation rhythm observed in bile acids (Fig. 1C) . Furthermore, treating intestinal segments of wild-type mice with CA dose-dependently interfered with the recruitment of CBP/p300 to PPREs but not with the binding of PPAR␣ and RXR␣ (Fig. 4C) . (Fig. 5A) , suggested that the animals had a dysfunctional molecular clock in the intestinal epithelial cells. To explore whether a molecular circadian clock participates in the regulation of intestinal expression of Slc15a1, we investigated the temporal expression profiles of Slc15a1 mRNA in Per2 m/m mice. Under the ad libitum feeding condition, the food intake pattern of Per2 m/m mice was similar to that of wild-type mice (Fig. 5B) (Fig. 5A) , the deletion of Per2 had a negligible effect on the oscillation in the expression of Slc15a1 (Fig. 5D) . These results suggest that the oscillation in the intestinal expression of Slc15a1 is independent from the molecular clock machinery. The modulatory action of bile acids on PPAR␣ activity seemed to underlie circadian expression of Slc15a1 in the small intestine of mice.
Circadian Oscillation in the Intestinal Expression of Slc15a1 Is Independent from the Molecular Clock Machinery-The
Time-dependent Change in the PepT1 Function for Intestinal Absorption of Small Peptides-Under the ad libitum feeding condition, the expression of the PepT1 protein in the small intestine of wild-type mice also exhibited a circadian oscillation with peak levels being reached before the start of the dark phase (Fig. 6A) . Conversely, the expression of PepT1 in PPAR␣-null mice remained at a low level throughout the day. In the final set of experiments, we used PPAR␣-null mice to investigate how the oscillation of PepT1 expression in the intestine affected the absorption of small peptide. The plasma concentration of carnosine, a typical substrate of PepT1 (27) , peaked 30 min after its oral administration (Fig. 6B) . The peak plasma concentration of carnosine was also significantly higher after its oral administration at ZT12 than after administration at ZT0 (p Ͻ 0.05). The intestinal absorption of carnosine appeared to be enhanced by administering it at times of the day when PepT1 expression was abundant. Such an administration time-dependent difference in the plasma concentration of carnosine was not observed in PPAR␣-null mice (Fig. 6C) . After the administration of carnosine at ZT12, its plasma concentration in PPAR␣-null mice was markedly lower than that in wild-type mice. Taken together, these results suggest that bile acid-regulated PPAR␣ activity underlies the time-dependent changes in PepT1 function for the intestinal absorption of small peptides.
DISCUSSION
After food intake, bile acids are secreted into the lumen of the small intestine in which they act not only as a digestive detergent of lipids but also as a modulator of gene expression in epithelial cells. Previous studies using PPAR␣-null mice demonstrated that Slc15a1 is typical of PPAR␣ target genes whose expression oscillates in a circadian time-dependent as well as feeding state-dependent manner (28) . Although a molecular component of circadian clock has been shown to govern the daily expression of Slc15a1 in laboratory rats (12) , the present study demonstrated that the suppressing action of bile acids on PPAR␣ activity is involved in the circadian regulation of the expression of Slc15a1 in mouse intestinal epithelial cells.
When food was plentiful, nocturnally active mice ingested most of their food during the dark phase. The levels of Slc15a1 mRNA in the epithelial cells of wild-type mice were elevated during the light phase. In addition, the intestinal expression of Slc15a1 mRNA was also increased by 24 h of fasting. These results confirm previous observations that situations of fasting or starvation enhance the PPAR␣-mediated transactivation of Slc15a1 (20) . Because a number of polyunsaturated fatty acids serve as ligands of PPAR␣, the elevation of plasma levels of free fatty acids is thought to trigger fasting-induced activation of PPAR␣ (23) . However, under the ad libitum feeding condition, the amounts of free fatty acids in the intestinal epithelial cells of nocturnally active mice remained low in the light phase during which the mRNA levels of Slc15a1 were gradually elevated. Although the intestinal content of free fatty acids fluctuated depending on the daily feeding cycle, the basal level may be maintained in the range sufficient to activate the PPAR␣-mediated expression of Slc15a1. This notion was also supported by the results of the ChIP experiment. Both PPAR␣ and RXR␣ were constantly bound to PPREs in the promoter region of the Slc15a1 gene in the intestinal epithelial cells of wild-type mice throughout the daily feeding cycle. Because PPAR␣/RXR␣ heterodimers can bind to PPREs after being stimulated by their ligands (26) , PPAR␣ binding to PPREs on the Slc15a1 gene is unlikely affected by the fluctuation in the intestinal amount of free fatty acids. Conversely, treatment of intestinal segments with 500 M CA caused a significant decrease in the mRNA levels of Slc15a1. The same concentration of CA also suppressed the WY-14643-induced expression of SLC15A1 in Caco-2 cells. The concentrations of CA are equivalent to its intestinal contents during the dark phase (500 mol/kg of tissue), and this seems to be sufficient to suppress the expression of Slc15a1 mRNA (Fig. 1D) .
In mammals, PPAR␣ is highly expressed in the liver, heart, kidney, brown adipose tissue, muscle, and small intestine (29, 30) . This nuclear receptor has critical roles in energy metabolism, hepatic steatosis, inflammation, cardiac pathophysiology, cell cycle regulation, and oncogenesis (31, 32) . In hepatic cells, the modulatory action of bile acids on PPAR␣-mediated transactivation has been shown to affect the expression of genes, including those involved in lipid homeostasis (24, 33) . Therefore, the modulatory action of bile acids on PPAR␣-mediated transactivation in intestinal epithelial cells appears to have a different physiological significance in hepatic cells (34) .
In an intact animal, peripheral circadian oscillators in many tissues can allow adaptation of their physiological and behavioral rhythms to maximize the opportunity to find food sources. However, food entrainment of circadian gene expression is required for several days (35, 36) . In natural environments, a few days of starvation is a common threat for small mammals that may result in death. Thus, circadian rhythms in the intestinal expression of nutrient transporters should change rapidly for efficient absorption of food sources. In fact, the rhythmic phase of intestinal expression of Slc15a1 was rapidly changed by manipulation of the feeding schedule. The molecular clockindependent mechanism regulating temporal expression of PepT1/Slc15a1 seemed to be beneficial for animals to adapt the nutrient absorption function depending on feeding states. Because PepT1 is capable of transporting not only small peptides but also several peptidomimetic drugs (7), the oscillation observed in PepT1 function appears to underlie the dosing time-dependent changes in the oral availability of peptidomimetic drugs. The therapeutic effects of many drugs are dependent on their pharmacokinetics. Therefore, the oscillation in PepT1 function may also be beneficial for the achievement of rational pharmacotherapy for the treatment of disease.
